Dark and baryonic matter moved at different velocities in the early Universe, which strongly suppressed star formation in some regions 1 . This was estimated 2 to imprint a large-scale fluctuation signal of about two millikelvin in the 21-centimetre spectral line of atomic hydrogen associated with stars at a redshift of 20, although this estimate ignored the critical contribution of gas heating due to X-rays 3, 4 and major enhancements of the suppression. A large velocity difference reduces the abundance of haloes 1, 5, 6 and requires the first stars to form in haloes of about a million solar masses 7, 8 , substantially greater than previously expected 9,10 . Here we report a simulation of the distribution of the first stars at redshift 20 (cosmic age of around 180 million years), incorporating all these ingredients within a 400-megaparsec box. We find that the 21-centimetre hydrogen signature of these stars is an enhanced (ten millikelvin) fluctuation signal on the hundred-megaparsec scale, characterized 2 by a flat power spectrum with prominent baryon acoustic oscillations. The required sensitivity to see this signal is achievable with an integration time of a thousand hours with an instrument like the Murchison Wide-field Array 11 or the Low Frequency Array 12 but designed to operate in the range of 50-100 megahertz.
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The relative velocity between the dark matter and baryons also reduces the gas content of each halo. Previous work 2 assumed that this reduces star formation, but it mainly affects smaller haloes that do not form stars 13, 14 . Another important consideration when selecting which era to focus on for observations of early stars is timing, because on the one hand, early times bring us closer to the primeval era of the very first stars 9, 10, 14, 15 , but on the other hand, the cosmological 21-cm signal is obscured by the foreground (mainly Galactic synchrotron), which is brighter at longer wavelengths (corresponding to higher redshifts). Unlike the fluctuations at redshift z < 20 from inhomogeneous gas heating, previously considered sources 2 produce smaller fluctuations and are likely to be effective only at z < 30 (ref. 16 ).
We use a hybrid method to produce realistic, three-dimensional images of the expected global distribution of the first stars. We use the known statistical properties of the initial perturbations of density and of the relative dark matter to baryon velocity to generate a realistic sample universe on large, linear scales. Then, we calculate the stellar content of each pixel using analytical models and the results of smallscale numerical simulations. In this approach we build upon previous hybrid methods used for high-redshift galaxy formation 1, 2, 17 , and include a fit 14 to recent simulation results on the effect of the relative velocity 7, 8 (for further details, see Supplementary Information section 1). We note that numerical simulations (even if limited to following gravity) cannot on their own cover the full range of scales needed to find the large-scale distribution of high-redshift galaxies 18 . We assume standard initial perturbations (for example, from a period of inflation), where the density and velocity components are Gaussian random fields. Velocities are coherent on larger scales than the density, owing to the extra factor of 1/k in the velocity from the continuity equation that relates the two fields (where k is the wavenumber). Indeed, velocity fluctuations have significant power over the range k < 0.0120.5 per megaparsec, with prominent baryon acoustic oscillations 1 . We find a remarkable cosmic web (Fig. 1) , reminiscent of that seen in the distribution of massive galaxies in the present Universe [19] [20] [21] . The large coherence length of the velocity makes it the dominant factor (relative to density) in the large-scale pattern. The resulting enhanced structure on 100-megaparsec scales becomes especially notable at the highest redshifts (Fig. 2) . This large-scale structure has momentous implications for cosmology at high redshift and for observational prospects. As the first stars formed, their radiation (plus emission from stellar remnants) produced feedback that radically affected both the intergalactic medium and the character of newly forming stars. Before reionization, three major transitions are expected, due to energetic photons. Lyman-a photons couple the hyperfine levels of hydrogen to the kinetic temperature and thus make possible 21-cm observations of this cosmic era, while X-rays heat the cosmic gas 3 . Meanwhile, Lyman-Werner (L-W) photons dissociate molecular hydrogen and eventually end the era of primordial star formation driven by molecular cooling 22 , leading to the dominance of larger haloes (which are more weakly affected by the relative velocities). Owing to the strong spatial fluctuations in the stellar sources 18 , these radiation backgrounds are inhomogeneous and should produce rich structure in 21-cm maps 4, 16, 23, 24 . These radiation backgrounds have effective horizons of the order of a hundred megaparsecs, due to redshift, optical depth and time delay effects. Thus, the relative velocity effect on the stellar distribution leads to large-scale fluctuations in the radiation fields. This substantially alters the feedback environment of the first stars, making it far more inhomogeneous than previously thought. Observationally, these degree-scale fluctuations will affect various cosmic radiation backgrounds, and in particular the history of 21-cm emission and absorption (Fig. 3) , which depends on the timing of the three radiative transitions. Although it is still significantly uncertain, the 21-cm coupling due to Lyman-a radiation is expected to occur rather early, with the X-ray heating fluctuations occurring later and probably overlapping with significant small-halo suppression due to L-W radiation (see Supplementary Information section 3 and Supplementary Fig. 1 ). Thus, we focus on the fluctuations due to X-ray heating at redshift 20, assuming that Lyman-a coupling has already saturated while bracketing the effect of the L-W flux by considering the two limiting cases where the L-W transition has either not yet begun or has already saturated.
Fluctuations on large scales are easier to observe, because 21-cm arrays rapidly lose sensitivity with increasing resolution 25 . For fixed co-moving pixels, going from z 5 10 to z 5 20 increases the thermal noise per pixel by a factor of 30 (in the power spectrum), but this is more than compensated for if the required co-moving resolution is four times lower than at z 5 10. In the case of negligible L-W flux, the relative velocity effect boosts the power spectrum on a scale of 2p/k 5 130 megaparsecs (0.66u at z 5 20) by a factor of 3.8, leading to 11-millikelvin fluctuations on this scale and an overall flat power spectrum with a prominent signature of baryon acoustic oscillations (Fig. 4) . If, however, the L-W transition has already saturated, the power spectrum is even higher (for example, 13 millikelvin on the above scale) owing to the dominance of larger haloes (characterized by efficient atomic cooling) that are more highly biased; in this case, the effect of the streaming velocities is suppressed, reducing the oscillatory signature and steepening the power spectrum. We thus predict a strong, observable signal from heating fluctuations, regardless of the precise timing of the L-W transition, with the signal's shape indicating the relative abundance of small versus large galaxies.
In general, the 21-cm fluctuation amplitude at a given redshift can be reduced by making galactic haloes less massive (and thus less strongly clustered) or by increasing the X-ray efficiency (thus heating the cosmic gas past the temperature range that affects the 21-cm emission). Thus, the characteristic shape that we predict is essential for resolving this degeneracy and allowing a determination of the properties of the early galaxies. Moreover, similar observations over the full Dz < 6 redshift range of significant heating fluctuations could actually detect the slow advance of the L-W feedback process, during which the power spectrum continuously changes shape, gradually steepening as the baryon acoustic oscillation signature weakens towards low redshift.
The exciting possibility of observing the 21-cm power spectrum from galaxies at z < 20 should stimulate observational efforts focused is given in units of the root-mean-square value. For the gas fraction (c and d), the colours correspond to the logarithm of the fraction normalized by the mean values, 0.0012 and 0.0021 for the case with and without the velocity effect, respectively; for ease of comparison, the scale in each plot ranges from 1/5 to 5 times the mean. In each panel, we indicate the scale of 130 co-moving megaparsecs, which corresponds to the large-scale peak in the 21-cm power spectrum (see Fig. 4 ). The no-velocity gas fraction map (d) is a biased version of the density map, whereas the velocity effect (c) increases the large-scale power and the map's contrast, producing larger, emptier voids. 
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on this early epoch. Such observations would push well past the current frontier of cosmic reionization (z < 10, t < 480 Myr) for galaxy searches 26 and 21-cm arrays 25 . Detecting the remarkable velocitycaused baryon acoustic oscillation signature (which is much more prominent than its density-caused low-redshift counterpart 27 ) would confirm the major influence on galaxy formation of the initial velocity difference set at cosmic recombination. Measuring the abundance of million-solar-mass haloes would also probe primordial density fluctuations on approximately 20-kiloparsec scales, an order of magnitude below current constraints. This could lead to new limits on models with suppressed small-scale power such as warm dark matter Power spectrum of the 21-cm brightness temperature fluctuations versus wavenumber, at the peak of the X-ray heating transition at z 5 20. We show the prediction for the case of a late L-W transition for which the L-W feedback is still negligible at z 5 20 (blue solid curve); this no-feedback case shows a strong velocity effect. This is well above the projected 1s telescope sensitivity 29 (green dashed curve) based on 1,000-hour observations with an instrument like the Murchison Wide-field Array or the Low Frequency Array but designed to operate at 50-100 MHz, where we include an estimated degradation factor due to foreground removal 30 (see Supplementary  Information section 4 for details) . Future experiments like the Square Kilometer Array should reach a sensitivity that is better by an order of magnitude 29 . We also show the prediction for an early L-W transition that has already saturated by z 5 20, in which case the power spectrum is essentially unaffected by the velocities (purple solid curve). These two feedback cases bracket the possible range. We show for comparison the previous expectation for the no-feedback case, without the velocity effect (red dotted curve). The velocity effect makes it significantly easier to detect the signal, and also creates a clear signature by flattening the power spectrum and increasing the prominence of the baryon acoustic oscillations (which are more strongly imprinted in the velocity than in the density fluctuations). Each plotted result is the mean of 20 realizations of our full box (standard deviation error bars are shown in the main case). In this plot we have fixed the heating transition at z 5 20 for easy comparison among the various cases. In cases with effective feedback, the heating transition as well as the main portion of the feedback itself will be delayed to a lower redshift, making the signal more easily observable.
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